
JOURNAL OF VIROLOGY, Dec. 2002, p. 12783–12791 Vol. 76, No. 24
0022-538X/02/$04.00�0 DOI: 10.1128/JVI.76.24.12783–12791.2002
Copyright © 2002, American Society for Microbiology. All Rights Reserved.

Tissue-Specific Transcriptional Targeting of a Replication-Competent
Retroviral Vector

Christopher R. Logg,1,2 Aki Logg,1 Robert J. Matusik,3 Bernard H. Bochner,4 and
Noriyuki Kasahara1,2,5*

Institute for Genetic Medicine1 and Departments of Pathology2 and Biochemistry and Molecular Biology,5 Keck School of
Medicine, University of Southern California, Los Angeles, California 90033; Department of Urologic Surgery,

Vanderbilt University School of Medicine, Nashville, Tennessee 372323; and Department of
Urology, Memorial Sloan-Kettering Cancer Center, New York, New York 100214

Received 12 April 2002/Accepted 13 September 2002

The inability of replication-defective viral vectors to efficiently transduce tumor cells in vivo has prevented
the successful application of such vectors in gene therapy of cancer. To address the need for more efficient gene
delivery systems, we have developed replication-competent retroviral (RCR) vectors based on murine leukemia
virus (MLV). We have previously shown that such vectors are capable of transducing solid tumors in vivo with
very high efficiency. While the natural requirement of MLV infection for cell division imparts a certain degree
of specificity for tumor cells, additional means for confining RCR vector replication to tumor cells are
desirable. Here, we investigated the parameters critical for successful tissue-specific transcriptional control of
RCR vector replication by replacing various lengths of the MLV enhancer/promoter with sequences derived
either from the highly prostate-specific probasin (PB) promoter or from a more potent synthetic variant of the
PB promoter. We assessed the transcriptional specificity of the resulting hybrid long terminal repeats (LTRs)
and the cell type specificity and efficiency of replication of vectors containing these LTRs. Incorporation of PB
promoter sequences effectively restricted transcription from the LTR to prostate-derived cells and imparted
prostate-specific RCR vector replication but required the stronger synthetic promoter and retention of native
MLV sequences in the vicinity of the TATA box for optimal replicative efficiency and specificity. Our results
have thus identified promoter strength and positioning within the LTR as important determinants for achiev-
ing both high transduction efficiency and strict cell type specificity in transcriptionally targeted RCR vectors.

Defective vectors derived from oncoretroviruses possess a
number of properties that have made them useful tools for
therapeutic and experimental gene delivery, including low im-
munogenicity, integration into host cell DNA, a simple, well-
characterized genome, and ease of production. It has become
clear from a large number of studies, however, that defective
retroviral vectors are generally incapable of efficient transduc-
tion when administered in vivo (14, 25, 33–35, 39, 40, 49).
Although certain gene therapy applications, such as those in
which transduction confers a selective advantage to target cells
(3, 24) or those requiring only relatively low levels of expres-
sion of a secreted product (23), may not require high gene
transfer efficiency, others, such as cytoablative strategies for
genetic cancer therapy, generally require high transduction
efficiency (45).

As a means for attaining more efficient gene delivery, we
have constructed a series of replication-competent retrovirus
(RCR) vectors derived from murine leukemia virus (MLV)
(26). We demonstrated that an RCR vector containing an
internal ribosome entry site (IRES)-green fluorescent protein
(GFP) cassette between the env gene and the 3� untranslated
region can transduce solid tumors in vivo with a level of effi-
ciency much greater than that possible using standard defective
retrovirus vectors (27). However, while replication competence

imparts greatly enhanced gene transfer power to retroviral
vectors, it also represents a potential increase in the risk of
oncogenesis, particularly under conditions of severe immuno-
suppression (6). Confining viral replication exclusively to tar-
geted cell types would be one way of minimizing this risk.

An approach to the targeting of defective retroviral vectors
that has been utilized previously is that of replacement of the
promiscuous transcriptional control elements within the U3
region of the long terminal repeat (LTR) with promoter se-
quences that are active only in certain cell types (5, 8, 18, 30).
This strategy has consistently allowed the generation of vectors
with transgene expression limited in a cell-type-specific man-
ner. Applied to an RCR vector, such a targeting strategy could
be used to target both vector replication and transgene expres-
sion. Thus far, however, there have been no studies examining
the parameters critical for achieving efficient and tissue-spe-
cific transcriptional control of retrovirus replication.

In this study, we have characterized a series of RCR vectors
targeted to prostate cells by replacement of various segments
of the U3 region with sequences from the probasin (PB) pro-
moter or a recombinant variant of the PB promoter. Transcrip-
tion of the PB gene is regulated by androgen and is highly
specific to prostate epithelium in rodents (20). A 450-bp frag-
ment of the proximal rat PB promoter has been used to gen-
erate mice whose transgene expression is limited exclusively to
the prostate epithelium (12, 13). In vitro studies have also
demonstrated that although there is no human homolog for
this gene, the proximal PB promoter retains high levels of
activity and prostate specificity in human cells (22, 36).

* Corresponding author. Mailing address: Institute for Genetic
Medicine, Keck School of Medicine, University of Southern Califor-
nia, 2250 Alcazar St., CSC 240, Los Angeles, CA 90033. Phone: (323)
442-2099. Fax: (323) 442-2764. E-mail: kasahara@usc.edu.

12783



ARR2PB is a synthetic variant of the proximal PB promoter
that possesses levels of strength significantly greater than and
prostate specificity equal to the parental promoter (47, 50) and
has been used previously to target transgene expression in
adenovirus vectors (1, 48). Our results demonstrate that both
replication and transgene expression of an RCR vector can be
transcriptionally targeted to particular cell types with high
specificity and that efficient replication requires optimization
of promoter strength and the retention of specific sequences
within the native MLV promoter.

MATERIALS AND METHODS

Cell lines and virus production. LNCaP (16), MDA PCa 2b (31), DU145 (42),
and PC-3 (19) human prostate carcinoma cells, NMU rat mammary carcinoma
cells (4), and HeLa human cervical carcinoma cells (38) were obtained from the
American Type Culture Collection. PC-3(AR)2 cells (15) were kindly provided
by Theodore Brown (University of Toronto). LNCaP, PC-3, and PC-3(AR)2 cells
were cultivated in RPMI 1640 medium with 10% fetal bovine serum (FBS).
MDA PCa 2b cells were grown in Ham’s F12K medium with 20% FBS and
supplements as described previously (31). HeLa and NMU cells were cultivated
in minimum essential Eagle’s medium with 10% FBS. 293T cells (7) were grown
in Dulbecco’s modified Eagle’s medium with 10% FBS. For luciferase assays, all
media were formulated using FBS treated with charcoal-dextran (HyClone) to
remove steroids. Vector stocks were produced by transfection of 293T cells with
vector plasmid by using Lipofectamine Plus (Invitrogen).

Construction of plasmids. All vector plasmids described in this study were
derived from pACE-GFP-dm, which contains a full-length amphotropic RCR
vector encoding GFP and the cytomegalovirus (CMV) promoter in place of the
5� U3 region. To construct pACE-GFP-dm, the CMV promoter was amplified
from pEGFP-N1 (Clontech) and introduced into pAZE-GFP (26) in place of the
5� U3 region by using overlap extension PCR (17). The resulting plasmid,
pACE-GFP, was then subjected to site-directed mutagenesis (QuikChange kit;
Stratagene) to introduce a PmeI site into the 3� U3 region and remove the SacI
site in the pol gene, creating pACE-GFP-dm. The PmeI site was created at
position �92 (relative to the transcription start site) by two point mutations, and
the SacI site was removed by the introduction of a silent point mutation. These
mutations had no discernible effect on in vitro replication of the vector (data not
shown). The introduced PmeI site and the remaining SacI site at �30 in the 3�
U3 region are both unique in pACE-GFP-dm.

To create plasmids pACE-GFP-Pr and pACE-GFP-Ar, we used overlap ex-
tension PCR to replace the 3� U3 sequences in pACE-GFP-dm, from the unique
NheI site to the 5� border of the R region, with the proximal rat PB promoter or
the synthetic PB promoter variant ARR2PB, respectively. Plasmids pACE-
GFP-Pt and pACE-GFP-At were constructed by first amplifying the proximal PB
promoter and ARR2PB (from their 5� termini to the 5� borders of their TATA
boxes) with primers that introduce a 5�-terminal NheI site and a 3�-terminal SacI
site. These PCR products were then used to replace a large stretch of the 3� U3
region of pACE-GFP-dm (i.e., from the NheI site to the SacI site just upstream
of the MLV TATA box). Plasmids pACE-GFP-Pc and pACE-GFP-Ac were
constructed by replacement of the 3� U3 region of pACE-GFP-dm from the NheI
site to the PmeI site with sequences of the proximal PB promoter or ARR2PB
PCR amplified from their 5� ends to the 5� borders of their CAAT boxes at
position �48.

Luciferase reporter plasmids were generated by using pGL2-Basic (Promega).
The entire length of each hybrid LTR was amplified from the vector plasmids by
using a 5� primer containing an SmaI site and a 3� primer containing an MluI site.
These products were then introduced into pGL2-Basic at the SmaI and MluI sites
upstream of the luciferase cDNA.

Luciferase assays. Cells at 70 to 80% confluence in 6-well plates were trans-
fected with 3 �g of luciferase reporter plasmid containing the hybrid LTR by
using Lipofectamine Plus. Parallel cultures were transfected with plasmids
pGL2-Control (Promega), which contains the luciferase gene under the control
of the simian virus 40 (SV40) promoter and enhancer, or pGL2-Basic, which
contains the luciferase gene but no promoter. Each culture was cotransfected
with 2 �g of the �-galactosidase expression plasmid pCH110 to control for
transfection efficiency. For cultures subjected to androgen induction, 5-�-dihy-
drotestosterone (DHT) was added to the media to a concentration of 1 nM at
24 h posttransfection. At 48 h posttransfection, reporter lysis buffer (Promega)
was used to prepare extracts from the cells. Luciferase and �-galactosidase

activities were measured with the Luciferase assay system and the �-Galactosi-
dase enzyme assay system (Promega), respectively.

Infections with replicating vectors. LNCaP, MDA PCa 2b, HeLa, or NMU
cells at 20 to 30% confluence in 6-cm-diameter dishes were infected with equal
amounts of stock vector, corresponding to a multiplicity of infection of 0.05, in
the presence of 4 �g of Polybrene/ml. At 3, 8, and 21 days postinfection, the cells
were analyzed for GFP expression by using flow cytometry on a FACScan II
apparatus (Becton Dickinson). Serial infections with the ACE-GFP-At virus
were carried out by passaging vector taken from LNCaP cultures at day 21
postinfection through fresh LNCaP cultures every week thereafter for 7 weeks,
using 20-fold dilutions of supernatant for each infection cycle. Genomic DNA
from each infection cycle was isolated by using the GenomicPrep kit (Amer-
sham-Pharmacia).

Vector titrations. The stock vector titer was initially determined by RNA dot
blot analysis as described previously (32). Blots were probed with a gag-pol
fragment of MLV labeled with [32P]dCTP by using the Prime-It II kit (Strat-
agene), and titers were estimated by comparison to virion RNA of an ACE-GFP
stock of known biological titer. Biological titers of ARR2PB-targeted vectors
were determined by exposing 20 to 30% confluent cultures in the presence of 4
�g of Polybrene/ml to dilutions of the vector produced by LNCaP, MDA PCa 2b,
HeLa, or NMU cultures infected 30 to 32 days previously. The following day, the
medium on the cells was replaced with fresh medium containing 50 �M azido-
thymidine (Sigma) to block the secondary spread of the vector. On day 3, the
cells were analyzed by using flow cytometry to determine the number of cells
expressing GFP. The titer of the vector produced from each infected cell type
was determined by using the same cell type.

Southern blot analysis. Genomic DNA was isolated from infected LNCaP
cells by using the GenomicPrep kit (Amersham-Pharmacia Biotech). The DNA
was digested with NheI and SphI and then repurified by ethanol precipitation. A
total of 10 �g of each DNA was fractionated on an agarose gel and blotted onto
a Zeta-Probe nylon membrane (Bio-Rad) by using a Stratagene Posiblot mani-
fold. A pol-env fragment of pACE-GFP was random prime labeled and hybrid-
ized to the membrane in Stratagene QuickHyb hybridization buffer. The hybrid-
ized blot was visualized using a Storm PhosphorImager (Molecular Dynamics).

PCR analysis and sequencing. The 5� LTR of the ACE-GFP-At vector pro-
virus was amplified by PCR by using an upstream primer that binds the 22
5�-terminal nucleotides of the U3 region, a downstream primer that binds just
upstream of gag, and Pfu polymerase (Stratagene). Genomic DNA from infected
LNCaP cells or a molecularly cloned copy of the 5� region of ACE-GFP-At was
used as the template. The amplified products were separated by gel electro-
phoresis, and the predominant species were extracted with a QIAquick gel
extraction kit (Qiagen) and directly sequenced by using the downstream PCR
primer.

RESULTS

Construction of hybrid PB-MLV LTRs. The proximal PB
promoter contains elements that direct prostate-specific tran-
scription, including a 148-bp sequence (from �244 to �96)
called the androgen-responsive region (ARR; Fig. 1A). Within
the ARR are two androgen receptor binding sites, which work
cooperatively in the induction of promoter activity by andro-
gens (21). A recently described synthetic variant of the proxi-
mal PB promoter, ARR2PB, contains two copies of the ARR
and exhibits more robust transcriptional activity than the wild-
type (wt) promoter in vitro and in vivo (50). The PB promoter,
ARR2PB, and the MLV U3 region each contain CAAT and
TATA boxes.

We constructed a series of six hybrid MLV LTRs incorpo-
rating sequences from the PB promoter. The hybrid LTRs
were generated by replacement of the MLV U3 sequence
(from the NheI site near the 5� end to the CAAT box, TATA
box, or transcription start site) with sequences from the wt PB
promoter or ARR2PB (Fig. 1B and C). Each of these LTRs
was designed such that transcription would be initiated at the
5� border of the R region, as occurs in wt MLV. LTRs Pr and
Ar contain the wt PB promoter and ARR2PB, respectively,
with their transcription start sites fused precisely at the 5�
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border of the MLV R region. LTRs Pt and At contain the wt
PB promoter and ARR2PB, respectively (from their 5� ends to
the 5� ends of their TATA boxes), fused at the MLV TATA
box. LTRs Pc and Ac contain the wt PB promoter and
ARR2PB, respectively (from their 5� ends to the 5� ends of
their CAAT boxes), fused to the MLV CAAT box. A series of
six reporter plasmids in which each of the hybrid LTRs con-
trols expression of the luciferase cDNA were constructed (Fig.
1E).

Transcriptional activity of hybrid promoters in prostate and

nonprostate cells. LNCaP and MDA PCa 2b prostate carci-
noma, HeLa cervical carcinoma, and NMU mammary carci-
noma cells were transiently transfected with the reporter plas-
mids containing the hybrid LTRs to assess transcriptional
activity and cell type specificity. Transfections were carried out
both in the presence and absence of androgen to evaluate the
androgen inducibility of the hybrid LTRs. As a standard, a
reporter plasmid containing the SV40 early promoter was used
in parallel transfections.

In LNCaP cells, the three wt PB promoter-targeted LTRs
and the SV40 promoter exhibited similar levels of strength in
the absence of androgen (Fig. 2A). Upon androgen induction,
activity levels of these hybrid LTRs increased three- to four-
fold, while the SV40 promoter activity level remained un-
changed. The ARR2PB-targeted LTRs also exhibited, in the
absence of androgen, a level of transcriptional strength similar
to that of the SV40 promoter, although upon androgen induc-
tion, transcription from each of these LTRs increased roughly
1,000-fold. In MDA PCa 2b cells, all three wt PB promoter
hybrid LTRs exhibited somewhat lower levels of strength than
the SV40 promoter and were not induced by androgen (Fig.
2B). The LTRs containing ARR2PB were significantly more
potent in these cells than in those containing the wt PB pro-
moter, driving luciferase expression to levels three- to fourfold
higher than that by the SV40 promoter. Androgen also had no
significant effect on transcription from the ARR2PB-contain-
ing LTRs in MDA PCa 2b cells. The absence of induction in
MDA PCa 2b cells was most likely due to the presence in these
cells of a doubly mutated androgen receptor that exhibits
greatly reduced affinity to DHT and increased affinity to other
steroids compared to both the wt receptor and the singly mu-
tated receptor present in LNCaP cells (51).

In the two nonprostate cell lines, the level of activity of each
of the hybrid LTRs was much lower than that of the SV40
promoter, and androgen had no discernible effect on luciferase
expression (Fig. 2C and D). Of the six hybrid LTRs, the two
constructed using the CAAT box fusion design, Pc and Ac,
exhibited the highest activity levels in HeLa and NMU cells.
The higher nonspecific transcriptional activity level of these
LTRs was most likely due to the retention of more of the MLV
U3 region in these sequences than in the other LTRs. Surpris-
ingly, the LTRs employing the TATA box fusion design con-
sistently displayed the lowest activity levels in the nonprostate
cell lines but levels of strength comparable to those of the
other LTRs in the prostate lines. Use of the MLV promoter
downstream from and including the TATA box in place of the
corresponding region of the PB promoter therefore slightly
improved, rather than impaired, prostate specificity. Taken
together, these results show that, within the context of the
hybrid LTRs, both the proximal PB promoter and ARR2PB
retain androgen inducibility and high specificity for cells de-
rived from prostate epithelium.

Construction of replication-competent vectors containing
hybrid LTRs. To assess the ability of the hybrid LTRs to
support replication of a nondefective MLV and to impart pros-
tate cell-specific replication, we replaced the 3� LTR in an
amphotropic, GFP-encoding RCR vector with each of these
LTRs (Fig. 1F). The hybrid LTRs were introduced into the 3�
LTR position, as this copy is used as the template in the
formation of both LTRs during reverse transcription. The vec-

FIG. 1. Constructs used in this study. (A) Sequences used in gen-
erating hybrid LTRs. The proximal rat PB promoter (left) contains
CAAT and TATA box homologies and an ARR (shown as a hatched
box) important for androgen induction of transcription. ARR2PB
(center) is a synthetic variant of the PB promoter and contains two
copies of the ARR. The MLV LTR (right) comprises the U3, R, and
U5 regions. The transcriptional control sequences of MLV are located
primarily in the U3 region, which also contains CAAT and TATA box
sequences. (B) Hybrid LTRs containing the wt PB promoter. LTRs Pr,
Pt, and Pc contain PB promoter sequences from position �383 to the
transcription start site (TSS), TATA box, and CAAT box, respectively.
(C) Hybrid LTRs containing ARR2PB. LTRs Ar, At, and Ac contain
ARR2PB sequences from the 5� end of the upstream ARR to the TSS,
TATA box, and CAAT box, respectively. In each of the six hybrid
LTRs, MLV U3 sequences from the NheI site to the TSS, TATA box,
or CAAT box were replaced with the corresponding PB or ARR2PB
sequences. (D) Sequence details of the hybrid LTRs. Shown are the
nucleotide sequences at the 3� borders between the PB and MLV
sequences. TATA and CAAT boxes are underlined. TSS, transcription
start site. (E) Luciferase reporter constructs containing hybrid LTRs.
(F) Structure of replication-competent MLV vectors containing hybrid
LTRs. Each vector contains an IRES-GFP cassette positioned imme-
diately downstream of the env gene and a 5� LTR in which the U3
region was replaced by the CMV immediate-early promoter. The 3�
LTR is used to form the 5� LTR during MLV replication. We there-
fore replaced the 3� LTR of the RCR vector with the hybrid LTRs.
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tor plasmid we used to construct the targeted vectors also
contained the CMV promoter in place of the 5� U3 region. In
pilot studies, we found that when the 5� LTR of the plasmid
contained the wt U3, the 5� LTR in the plasmid recombined
during transfection with other plasmid molecules at the 3� LTR
to reconstitute an RCR vector with wt LTRs at both termini
(data not shown). This resulted in contamination of the tar-
geted vector preparation with an untargeted vector that exhib-
ited a replicative advantage and eventually came to dominate
the virus population. In contrast, no such revertants emerged
in the vector-encoding plasmids after replacement of the U3
region of the 5� LTR with the CMV promoter. Stocks of the
targeted RCR vectors were generated by transient transfection
of the vector plasmids, and their titers were initially deter-
mined by RNA dot blot analysis (data not shown).

Replication of targeted vectors in prostate and nonprostate
cells. LNCaP, MDA PCa 2b, HeLa, and NMU cultures were
inoculated with stock vector at a multiplicity of infection of
0.05, and vector replication was followed by flow cytometric
analysis of the cultures at 3, 8, and 21 days postinfection.
Although no exogenous androgen was added to these cultures,
all media used during infections were made with nonstripped
serum and thus contained endogenous androgen.

LNCaP cells infected with either ACE-GFP-Pt or ACE-
GFP-Pc exhibited progressively increasing transduction levels
over the 21-day period (Fig. 3A). The replication of these two
vectors was significantly delayed relative to that of the untar-
geted parental vector ACE-GFP and spread to no more than
half of the cells in each LNCaP culture after 21 days. In
contrast, while the number of cells transduced by ACE-
GFP-Pr was comparable to that by ACE-GFP-Pt and ACE-
GFP-Pc by the 3-day time point, no spread was observed there-
after. ACE-GFP-Pt and ACE-GFP-Pc also replicated in MDA
PCa 2b cells, although only very slowly, transducing approxi-

mately 10% of the cells in each culture after 21 days (Fig. 3B).
ACE-GFP-Pr did not replicate in these cells beyond an initial
low level of transduction. In HeLa and NMU cells, none of the
three wt PB promoter-targeted vectors exhibited evidence of
replication, while untargeted vector spread through both cell
lines very efficiently. A small percentage (1.3 to 2.8%) of cells
in HeLa and NMU cultures exposed to the wt PB promoter-
targeted vectors expressed detectable levels of GFP at each
time point, although these percentages were stable over several
weeks and expression levels were extremely low (Fig. 3C and D
and data not shown). As the vectors are targeted only at the
transcriptional level, an initial low level of transduction by the
vector stocks was not surprising. Of the HeLa and NMU cul-
tures infected with the wt PB promoter-targeted vectors, those
infected with ACE-GFP-Pc exhibited the highest percentage of
cells expressing detectable levels of GFP, which is a finding
consistent with the higher nonspecific transcriptional activity of
the Pc LTR.

In LNCaP cells, both ACE-GFP-At and ACE-GFP-Ac rep-
licated with kinetics markedly faster than the corresponding wt
PB promoter-targeted vectors and only moderately slower than
the untargeted vector (Fig. 4A), indicating that the greater
transcriptional strength of ARR2PB relative to that of the wt
PB promoter enabled much more efficient vector propagation.
Additionally, ACE-GFP-Ar, unlike ACE-GFP-Pr, was capable
of replication in LNCaP cells, transducing on average approx-
imately 20% of each infected culture after 21 days. Thus, the
defect in replication of ACE-GFP-Pr was due at least in part to
the insufficient strength of the wt PB promoter. MDA PCa 2b
cells supported levels of replication of the three ARR2PB-
targeted vectors that were similar but slightly lower overall
(Fig. 4B), with ACE-GFP-Ar again spreading much more
slowly than the other two. The slower spread of the targeted
vectors in MDA PCa 2b cells compared to LNCaP cells is

FIG. 2. Cell type specificity and androgen inducibility of transcription from hybrid LTRs containing wt PB promoter or ARR2PB. Each of the
hybrid LTRs was cloned upstream of the luciferase gene in plasmid pGL2 and transfected into two prostate (A and B) and two nonprostate (C
and D) cell lines as indicated. Transcriptional activity was determined in the absence (black bars) and presence (open bars) of androgen. All cells
were cultured in media containing serum that was charcoal stripped to remove endogenous steroids, and androgen induction was carried out by
the addition of 1 nM DHT. Arbitrary relative light unit (RLU) levels were normalized for transfection efficiency, and the level determined for the
promoterless control reporter plasmid in each cell line was assigned a value of 1. Results are the means obtained from at least three independent
experiments. Error bars indicate standard deviations.
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consistent with the relative levels of transcriptional strength of
the targeted LTRs in these cell lines. While the ARR2PB
hybrid LTRs mediated transcription levels roughly 10,000-fold
higher than those of the promoterless control in LNCaP cells
in the presence of androgen, transcription from these LTRs in
MDA PCa 2b cells in the presence of androgen was by com-

parison 200- to 400-fold higher than that from the promoter-
less control (Fig. 2A and B). The disparity in the sequences of
the androgen receptors in LNCaP and MDA PCa 2b cells may
be responsible in part for these differences. Despite the greatly
improved replication kinetics of the vectors containing
ARR2PB compared to that of the vectors containing the wt PB

FIG. 3. Replication of wt PB promoter-targeted vectors in prostate and nonprostate cells. GFP expression in infected cells was assessed by flow
cytometry on the indicated days postinfection. Results from infections of LNCaP (A), MDA PCa 2b (B), HeLa (C), and NMU (D) cells are shown.
All cells were grown in nonstripped serum, and no exogenous androgen was added. Values are the means of three experiments.

FIG. 4. Replication of ARR2PB-targeted vectors in prostate and nonprostate cells. GFP expression in infected cells was assessed by flow
cytometric analysis on the indicated days postinfection. Results from infections of LNCaP (A), MDA PCa 2b (B), HeLa (C), and NMU (D) cells
are shown. All cells were grown in medium containing nonstripped serum, and no exogenous androgen was added. Values are the means of three
experiments.
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promoter in prostate cells, GFP expression in infected HeLa
and NMU cells remained restricted to an equally low, stable
number of cells (Fig. 4C and D). Continued propagation of the
HeLa and NMU cells infected with the ARR2PB-targeted vec-
tors for 6 weeks after inoculation did not result in an increase
in the percentage of infected cells (data not shown).

Three additional prostate-derived cell lines were tested for
their ability to support both transcription from the At LTR and
replication of ACE-GFP-At. Two of these cell lines, DU145
and PC-3, do not express androgen receptor, while the third,
PC-3(AR)2, a PC-3 derivative, expresses androgen receptor
from an episomal plasmid. Each of these cell lines was effi-
ciently infected with untargeted vector (data not shown). How-
ever, neither DU145 nor PC-3 cells mediated either efficient
transcription from the At LTR or replication of ACE-GFP-At
(Table 1). In PC-3(AR)2 cells, by contrast, transcription from
the At LTR was highly efficient and ACE-GFP-At was capable
of replication. Thus, we observed a strong correlation in pros-
tate cell lines between efficiency of transcription from the At
LTR, replication of ACE-GFP-At, and expression of androgen
receptor, further corroborating the transcriptional specificity
of this vector.

Determination of biological titers of targeted vectors. The
titers of the three ARR2PB-targeted vectors replicating in LN-
CaP, MDA PCa 2b, HeLa, and NMU cells were determined by
using a flow cytometric assay. LNCaP cultures chronically in-
fected by ACE-GFP, ACE-GFP-At, or ACE-GFP-Ac pro-
duced infectious vector at comparable levels of between 3 �
104 and 10 � 104 GFP-transducing units/ml (Table 2). In con-
trast, titers of ACE-GFP-Ar produced by the same cells were
more than 10-fold lower than those of the other two targeted

vectors, which is a finding consistent with the slower replication
kinetics of this vector. ACE-GFP, ACE-GFP-At, and ACE-
GFP-Ac each replicated on MDA PCa 2b cultures at titers
roughly three- to sixfold lower than on LNCaP cells. In con-
trast, on the two nonprostate cell lines, the targeted and un-
targeted vectors were produced at very different levels. On
NMU cells, average titers of ACE-GFP-At and ACE-GFP-Ac
were 3 and 8%, respectively, of those of ACE-GFP. On HeLa
cells, while the levels of ACE-GFP-At and ACE-GFP-Ac re-
mained below the detection limit of the assay (30 GFP-trans-
ducing units/ml), ACE-GFP was produced at 1.8 � 103 GFP-
transducing units/ml.

Structural analysis of proviral vector DNA. To confirm that
the ARR2PB vectors did not undergo genomic alterations dur-
ing the infection of LNCaP cells, we analyzed integrated pro-
virus from infected LNCaP cells by using Southern hybridiza-
tion. For each of the vectors, only bands of the sizes expected
for full-length proviruses were obtained (Fig. 5), demonstrat-
ing that the GFP transgene had been transmitted as part of the
intact vectors. To assess the stability of the hybrid LTR se-
quences over multiple replication cycles, we subjected ACE-
GFP-At to seven serial passages through LNCaP cultures and
isolated genomic DNA from each passage. We utilized PCR to
amplify the 5� LTR from integrated vector provirus and se-
quenced the resulting products. The sequences of the PCR
products from each of the seven vector passages were found to
be identical to those obtained by PCR using an intact, molec-
ularly cloned ACE-GFP-At provirus control (Fig. 6). The am-
plifications of both the control and experimental templates
generated two products. One represented the full-length At
LTR, and the other represented a variant form of the At LTR
containing only one ARR. The presence of this variant in the
control reaction product indicates that it was an artifact of the
PCR. Thus, the integrity of the hybrid LTR of ACE-GFP-At
appears to have been maintained through prolonged propaga-
tion of the vector. The retention of the prostate specificity of
serially passaged ACE-GFP-At was further demonstrated by
the absence of vector spread in NMU cells exposed to condi-
tioned medium from each of the seven ACE-GFP-At-infected
cultures (data not shown).

DISCUSSION

Virus vectors that replicate exclusively in targeted tissues
would represent a valuable addition to the tools available for
use in therapeutic and experimental gene transfer. In this
study, we evaluated the possibility of targeting replication of a
nondefective retrovirus vector to prostate carcinoma cells by
replacement of transcriptional control sequences of the vec-
tor’s native U3 region with sequences from the rat PB pro-
moter. Our results demonstrate that this approach can be used
to generate RCR vectors that replicate in a highly efficient and
cell type-specific manner.

Much interest in replication-competent forms of a number
of virus species for use in cancer therapy has arisen in recent
years (37, 46). RCR vectors derived from oncoretroviruses
such as MLV possess unique properties that may provide sig-
nificant advantages for use in cancer gene therapy. First, most
oncoretroviruses, including MLV, are not inherently cyto-
pathic. Thus, the inclusion of a conditionally cytotoxic trans-

TABLE 1. Correlation of transcriptional activity of hybrid LTR At,
replication of ACE-GFP-At, and presence of androgen receptor in

human prostate carcinoma cell lines

Cell line
Androgen
receptor

expression

Efficient
transactivation of
hybrid LTR Ata

Replication of
ACE-GFP-Atb

LNCaP � � �
MDA PCa 2b � � �
DU145 � � �
PC-3 � � �
PC-3(AR)2 � � �

a Cell lines denoted as positive exhibited luciferase expression levels 200-fold
or more higher than those of promoterless control plasmids; cell lines denoted as
negative exhibited levels less than 10-fold higher than those of promoterless
controls. Data used were taken from transfections in charcoal-stripped serum
containing 1 nM DHT.

b Determined by flow cytometric analysis of infected cells over a 21-day period
following exposure to stock vector.

TABLE 2. Titers of ARR2PB-targeted vectors

Vector
Titer (GFP-transducing units/ml) for cell type:

LNCaP MDA PCa 2b NMU HeLa

ACE-GFP 9.9 � 104 2.9 � 104 1.0 � 104 1.8 � 103

ACE-GFP-Ar 3.0 � 103 NDa ND ND
ACE-GFP-At 4.8 � 104 7.6 � 103 300 �30
ACE-GFP-Ac 3.3 � 104 8.7 � 103 800 �30

a ND, not determined.
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gene such as thymidine kinase would allow strict exogenous
control of cell-killing activity through administration of pro-
drug. Second, oncoretroviruses infect only dividing cells (29)
and therefore possess, as do some other oncolytic viruses (28,
41, 43), a level of built-in specificity for the actively dividing
tissue characteristic of malignancy. Third, the biology and ge-
nomes of simple retroviruses make these viruses ideal for tran-
scriptionally targeting replication to tumor cells. The oncoret-
roviral genome consists of a single transcriptional unit
controlled primarily by elements collected in a single area
within the virus, namely, the U3 region. Thus, transcription of

all viral genes as well as of the RNA genome itself is deter-
mined by U3 sequences. Previous studies have shown that the
transcriptional control sequences of U3 within defective vec-
tors can be replaced with cell type-specific promoter elements
to target transgene expression to defined cell types (5, 8, 18,
30).

Although transcriptionally targeted RCR vectors have not
been previously described, a replication-competent MLV con-
taining sequences from the mouse transthyretin promoter in
place of the U3 enhancer repeats was previously characterized
(9). This promoter possesses specificity for cells of the liver and

FIG. 5. Southern blot analysis of genomic DNA from LNCaP cells infected with ARR2PB-targeted vectors. Each DNA sample was digested
with NheI and SphI, separated on an agarose gel, and blotted onto a nylon membrane. The membrane was hybridized to a radiolabeled pol-env
fragment of MLV. mock, DNA from mock-infected cells; control, NheI/SphI-digested pAZE-GFP plasmid with DNA from mock-infected cells.
A schematic diagram of integrated vector provirus indicating the size of restriction fragments for each vector and the location of the probe is shown.

FIG. 6. Hybrid LTR of ACE-GFP-At remains unchanged through multiple serial passages. A PCR-based assay designed to assess the stability
of the hybrid LTRs by amplification and sequencing of the 5� LTR from proviral DNA was utilized. Amplification of a cloned proviral copy of
ACE-GFP-At as a positive control resulted in products of approximately 720 and 510 bp (left gel). As depicted schematically, sequencing
demonstrated that these products corresponded to the full-length, intact At LTR and an artifactual form of the At LTR missing one of the two
ARRs, respectively. ACE-GFP-At was subjected to seven cell-free serial passages through LNCaP cultures, and genomic DNA from each culture
was used as the template in PCR amplification and sequencing of the LTR (right gel). Sequencing of the two resulting products from selected
passages demonstrated that their sequences were identical to those of the products generated by amplification of the positive control template.
Abbreviations: L, 100-bp ladder; P, amplification using a plasmid containing a cloned proviral copy of ACE-GFP-At as the template; N,
amplification using DNA from uninfected cells.
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choroid plexus and was thus introduced into the LTR as a
possible means of targeting viral replication to these cell types.
The resulting virus, however, exhibited tissue tropism as broad
as that of wt MLV. This was most likely due to the retention of
a large stretch (�152 to �1) of transcriptionally active U3
sequence in the vector (11).

The results presented here help to define how a transcrip-
tionally targeted MLV-based RCR vector can be optimally
constructed. First, we have shown that the entire U3 region
except for approximately 30 bp at each end can be replaced
with sequences from a heterologous promoter without signif-
icantly reducing the vector’s replicative ability. The sequence
contained within this region therefore does not, at least in
vitro, appear to play an important role in viral replication other
than that of providing transcriptional regulation. Inclusion of
any of part of this 380-bp region in a transcriptionally targeted
vector appears to be unnecessary and would likely only serve to
increase nonspecific transcription, as observed with the vectors
and LTRs constructed using the CAAT box fusion design.

It is notable that replication of both of the vectors in which
the targeting promoter was fused at the LTR’s transcriptional
start site was greatly impaired relative to that of the vectors
having the CAAT or TATA box fusion designs. Given that the
LTRs of all three designs exhibited very similar levels of tran-
scriptional strength in prostate cells, these results imply that
the 3�-terminal 30 bp of U3 are involved in some stage of viral
replication other than transcription. In human immunodefi-
ciency virus, the sequence of U3 downstream from the TATA
box has been shown to play a role in 3�-end formation (10, 44).
It has been proposed that the corresponding region of MLV
might also play some role in 3�-end formation, through a hair-
pin loop formed in the viral RNA at the U3-R border (2). Our
results provide evidence for some secondary, albeit unknown,
function of this sequence.

Our results also demonstrate that a strong promoter is re-
quired to support efficient virus replication. Despite the fact
that the Pt and Pc wt PB promoter-targeted LTRs possessed
levels of transcriptional strength in LNCaP cells similar to that
of the SV40 enhancer/promoter, the corresponding vectors
only replicated with very slow kinetics. The use of the hybrid
LTRs containing the much stronger ARR2PB resulted in
greatly improved replicative efficiency. This improvement in
efficiency was not accompanied by an increase in replication in
nonprostate cells.

The stability of the targeting sequences during vector repli-
cation would be of central importance in any consideration of
the therapeutic use of a transcriptionally targeted RCR vector.
Our results indicate that the sequence of an ARR2PB-targeted
LTR is retained over multiple serial vector passages through
human prostate carcinoma cells. Additionally, the specificity of
ARR2PB-targeted vector for prostate cells was found to be
unchanged after multiple passages, further confirming the sta-
bility of the hybrid LTR.

One potential use of a transcriptionally targeted RCR vector
would be that of delivering a suicide transgene to tumor cells.
Results published previously by Logg et al. (26, 27) demon-
strate that RCR vectors containing insertions at the env-3�
untranslated region boundary can retain inserted transgenes
over multiple cell-free passages and are stable enough to
spread within and transmit inserted transgenes throughout

solid tumors with very high efficiency. Delivery of a suicide
transgene by an RCR vector into tumors should allow levels of
transduction sufficient to achieve a potent antitumor effect
following the administration of a prodrug. While the presence
of a prodrug would result in the selection of variants of the
vector from which the transgene has been deleted, if the pro-
drug is administered only after sufficient virus spread within
the tumor has occurred, such selection pressure should not
hinder the therapeutic effectiveness of this approach. Further-
more, the inclusion of a suicide transgene would provide a
safety mechanism, as cells harboring the vector would be killed
after exposure to the prodrug, thereby attenuating further vec-
tor spread. One motivation behind the present study was to
examine whether vector replication could be restricted to par-
ticular target cell types so as to better confine the effects of a
prodrug as well as the continued replication of potential trans-
gene-deleted variants.

These studies indicate that replication of MLV can be di-
rected with high specificity to particular cell types by replace-
ment of the virus’s nonspecific enhancer/promoter region with
an exogenous promoter. An increasingly large number of cel-
lular promoter sequences with various cell type specificities are
becoming available, and many of these should be adaptable for
use in generating RCR vectors capable of both highly efficient
transduction and target-specific replication.
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